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Abstract In their 2007 report, IPCC working group 1 refers to an increased hetero-
geneity of climate during medieval times about 1000 years ago. This conclusion would
be of relevance, as it implies a contrast in the spatial signature and forcing of current
warmth to that during the Medieval Warm Period. Our analysis of the data displayed
in the IPCC report, however, shows no indication of an increased spread between
long-term proxy records. We emphasize the relevance of sample replication issues,
and argue that an estimation of long-term spatial homogeneity changes is premature
based on the smattering of data currently available.
1 Introduction
In their fourth assessment report (AR4), the IPCC specifically addressed tempera-
tures during the Medieval Warm Period (MWP) (IPCC 2007). Box 6.4 on page 468
shows eight, millennium-long proxy based temperature reconstructions from various
places on the Northern Hemisphere. From this compilation it is concluded that the
“wide spread of values exhibited by the individual records” is indicative for “the
heterogeneous nature of climate during MWP”.
Such heterogeneity alone is often used as a distinguishing attribute to contrast with
present anthropogenic warming. Twentieth century temperature homogeneity is –
besides the level and rate of recent warming – sometimes considered as an indicator
for a greenhouse-gas-forced climate, and as such, estimation of pre-industrial climatic
heterogeneity would be of relevance to the attribution of the anthropogenic impact
on recent warmth (Jones and Mann 2004).
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Herein, we demonstrate that the records reproduced in AR4 do not exhibit
systematic changes in coherence, and thus cannot be used as evidence for long-term
homogeneity changes. We suggest that before conclusions of changes in homogeneity
can be robustly identified (or excluded) properties and potential biases of the proxy
data must be considered. Accordingly, we stress the relevance of data replication
changes, analyze some variance and wavelength properties of the long-term proxy
records shown in AR4, and argue that there are currently too few proxy data to
derive conclusions on MWP large-scale temperature patterns.
2 AR4 proxy records
Proxies shown in the AR4 include an ice core record from W Greenland (Fisher
et al. 1996), a multi-proxy record from E Asia (Yang et al. 2002), and six tree-
ring records representing: SW Canada (Luckman and Wilson 2005), W USA (Lloyd
and Graumlich 1997), N Sweden (Grudd et al. 2002), NW Russia (Hantemirov
and Shiyatov 2002), N Russia (Naurzbaev et al. 2002), and Mongolia (D’Arrigo
et al. 2001). The tree-ring chronologies are all combinations of samples from living
trees with relict/historical material. These temporally overlapping data have been
matched using ‘crossdating’, a technique introduced in the early 20th century into
dendrochronology (Douglass 1929), so that every ring is assigned a calendar year.
Application of this method allowed for the development of continuous, millennium-
long tree-ring chronologies, even though the single trees included in such a record
may have only reached ages of 200 years or less. The Greenland ice core proxy
integrates several δ18O timeseries that were first detrended to remove non-climatic
long-term trends and then combined to a single record. The regional multi-proxy
record from E Asia combines a total of nine different proxies, including tree-ring,
ice core, peat bog, lake sediment, and documentary data. As some of these proxies
are not annually resolved, decadal variance is substantially reduced in the combined
timeseries.
Importantly, all tree-ring records shown in AR4 were detrended using a method
known as ‘Regional Curve Standardization’ (RCS; Esper et al. 2003). This technique
allows the preservation of centennial scale climate variability, even if the tree-ring
chronologies are composed of relatively short segments of material from living trees
and historical wood (Cook et al. 1995). Application of RCS is essential to reconstruct
the low frequency spectrum of temperature variability including long-term cooling
trends (Esper et al. 2004) and thus necessary to estimate the spatial extent of MWP
(Broecker 2001).
3 Methods
To quantify temporal homogeneity changes, we calculated the 5–95% range of the
proxy distribution for each year estimated by bootstrapping (1000 replications) and,
as an alternative measure, two standard errors (SE) between the eight AR4 proxy
records over the 950–1982 common period. SE was also computed over the less
replicated 850–949 period (seven records), and the late 1983–1995 period during
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which replication declines to only 3 records from Asia (NW Russia, N Russia,
Mongolia).
Temporal variance changes in the eight AR4 records are analyzed by calculating
the standard deviation in a 100-year window shifted along each of these timeseries.
This approach allows for an assessment of longer term variance drifts that are
potentially not related to climate. The analysis is supplemented by the application of
MTM power spectra (Mann and Lees 1996) calculated over the 950–1982 common
period using a 5-year resolution and 3 tapers. The spectra were particularly analyzed
for differences in low frequency variance retained in the AR4 proxy records.
4 Results
Both the bootstrap and SE measures demonstrate that there is no increased spread
of values during the MWP (Fig. 1). SE is actually largest during recent decades –
this is at least partly related to diverging trends in late 20th century tree-ring records
(Cook et al. 2004). This quantification of proxy data coherence suggests that it
was erroneous to conclude that the records displayed in AR4 are indicative for a
heterogeneous climate during the MWP.
Fig. 1 Proxy records as shown in AR4 to highlight “the heterogeneous nature of climate during the
Medieval Warm Period”. (a) Black curves are eight individual proxies (smoothed with a 20-year filter
and normalized over 1001–1980), red curve the mean, and blue area the 5–95% bootstrap range of
the proxy distribution. Black (dashed before 950 and after 1982 when fewer than eight records exist)
and blue curves at the bottom are two standard errors (SE) and the bootstrap range from above,
respectively. (b–c) Proxy records (black) and mean (red) over the 950–1050 and 1900–1995 periods
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5 Discussion
Conclusions on potential long-term homogeneity changes are closely linked with the
selection of proxy records of past temperatures. This process, however, is poorly
detailed in AR4. Generally, proxy selection based on the match with hemispheric
scale instrumental temperature averages (Hegerl et al. 2007; Mann and Jones 2003)
increases the chance for greatest homogeneities during the 20th century. This is
especially so when selection is made against a single and thus unifying target, in a
procedure that disregards the spatial variability of recent temperature trends over the
Northern Hemisphere. The period used for normalization can also affect estimates
of heterogeneity: modern homogeneity may even be a simple outcome of calibration
over the recent instrumental period (Briffa and Osborn 2002; Esper et al. 2005; see
also Bürger 2007; Osborn and Briffa 2007).
The analysis of long-term climate heterogeneity can, however, not be solely based
just on the comparison of the final products, but also has to consider some of
the underlying issues of proxy timeseries development (Frank et al. 2007a). From
this perspective, the ‘non-heterogeneous’ MWP conditions are actually surprising,
as the number of measurement series included in the AR4 tree-ring chronologies
declines considerably over the past millennium – from 480 in 1900 to only 132 in
1000 (Fig. 2). These data are also geographically limited with about three quarters
from Canada, the US, and Sweden. Temporal replication changes, while often
ignored, are common in tree-ring based reconstructions. They affect the quality of
the climate signal (Wigley et al. 1984), and by introducing more random fluctuations
can leave the erroneous impression of increased heterogeneities. These limitations
are particularly relevant in RCS-detrended chronologies, such as shown in AR4, as
this method requires higher replications than standard techniques (Esper et al. 2002).
Robust estimation of early millennium low frequency climate signals can further be
complicated, as the site control of tree-ring samples is generally reduced back in
time, and living in situ trees are replaced with older historical material from less well
defined sites (Büntgen et al. 2005). This change in site control can affect the precise
estimation of long-term trends when using RCS.
While such changes in sample quality and replication are effectively relevant in all
long-term tree-ring records, estimations of homogeneity changes using other proxy
sources might be limited due to other reasons. For example, ice cores, stalagmites,
Fig. 2 Number of measurement series included in the six tree-ring proxy records shown in AR4.
Tree-ring records are from SW Canada, W USA, N Sweden, NW Russia, N Russia, and Mongolia
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or lake sediments are typically affected by reduced dating control and associated
lowered resolution back in time (Blass et al. 2007; Fisher et al. 1996; Tan et al.
2006). These changes, however, can affect the estimation of long-term heterogeneity
changes, as higher resolution climatic events are not accurately matched, and earlier
periods appear less homogenous.
Basic time-series diagnostics also revealed that the year-to-year variability in one
of the AR4 records – the stacked δ18O series from Greenland – steadily increased
prior to ∼1100, and that this record had a power-spectrum that is both different
from all other records and indicative of limited preservation of low-frequency climate
variability (Fig. 3). Variance drifts, often artificial and related to replication changes,
Fig. 3 Variance and spectral properties of the AR4 proxy records. (a) Top panel shows the
eight proxies (here non-smoothed, normalized over 1001–1980), with the δ18O composite from W
Greenland highlighted in blue. Curves at the bottom are (normalized) standard deviations of the
individual proxy records calculated over 100-year moving windows. Results for W Greenland shown
in blue; mean of all standard deviation timeseries in red. (b) MTM power spectra of the AR4 proxy
records (W Greenland in blue). Multi-proxy record from E Asia labeled with an arrow to highlight
the varying shape of the spectral density of this lower resolution time series
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are widespread in proxy-records, and for example, confuse the estimation of extreme
year return intervals and the magnitude, in degrees C, of past climatic fluctuations
(Frank et al. 2007b). Such time-series qualities (variance drift, “whiter” spectrum),
increase the probability for a record to be anomalous, and are not supportive for an
estimation of long-term climatic change.
6 Conclusions
The debate on MWP heterogeneity started over a decade ago, when Hughes and
Diaz (1994) compared several long-term climate reconstructions available that time.
This early analysis, however, suffered from comparing tree-ring records where the
low-frequency climate variability was preserved (i.e., RCS detrended) with non-
RCS chronologies, and overlooking sample replication issues. These factors helped
in reaching the conclusion that the MWP was heterogeneous. Since then, several
large-scale studies have been published demonstrating that data sparseness and low
replication before about 1200 introduce random variations in the single records and
increase uncertainty in any subsequent hemispheric scale average (Cook et al. 2004;
D’Arrigo et al. 2006; Frank et al. 2007b). This evidence should not be confused
with spatially heterogeneous temperatures during MWP. Given the wide acceptance
of the AR4 and the notion of a more chaotic climate towards the Dark Ages, it
thus seems relevant to recall that we currently do not have sufficient widespread,
high-resolution proxy data to soundly conclude on the spatial extent of warmth
during MWP.
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